Noise has been found associated with annoyance, stress, sleep disturbance, and impaired cognitive performance.
T he global burden of disease has shifted within the last decades from communicable, maternal, perinatal, and nutritional causes to noncommunicable diseases, such as atherosclerosis (1) . Although medical and scientific efforts have focused primarily on diagnosis, treatment, and prevention of traditional cardiovascular risk factors (e.g., diabetes, smoking, arterial hypertension, and hyperlipidemia) (1) , recent studies indicate that also risk factors in the physical environment may facilitate the development of cardiovascular disease (CVD) (1) .
With industrialization and globalization, the importance of new environmental factors, such as noise and air pollution, is becoming increasingly evident.
Within the last decade, several studies have found traffic noise (road, aircraft, and railway noise) to be associated with increased risk of cardiovascular and metabolic diseases (2) (3) (4) . Already in 2011, Babisch in manifest adverse health effects (5) . Furthermore, chronic stress may also generate cardiovascular risk factors on its own, including increased blood pressure, glucose levels, blood viscosity and blood lipids, and activation of blood coagulation (5) , which may ultimately lead to manifest CVD. Interestingly, emotional stress induced by nighttime aircraft noise exposure has been associated with stress cardiomyopathy (Takotsubo syndrome), a phenomenon that has been linked to excessive stress hormone release (6) . Noise-induced annoyance has been proposed to act as an important effect modifier of the relationship between noise exposure and arterial hypertension (7) and ischemic coronary artery disease (8) . In addition, high levels of environmental noise have been associated with mental health problems, such as depression and anxiety (9) , conditions that are known to adversely affect cardiovascular function (10) .
The molecular mechanisms behind the association between noise and vascular damage and CVD are not completely understood. It has been proposed that chronic stress reactions, by activation of the autonomic nervous system and increased levels of circulating cortisol (discussed previously) (4, 5, 11, 12) , may lead to vascular (endothelial) dysfunction, mainly through induction of oxidative stress (13, 14) and subsequent activation of prothrombotic pathways and vascular inflammation (15) . In addition to endothelial dysfunction, elevated blood pressure, dyslipidemia, changes in blood glucose levels, and altered heart rate variability could contribute to CVD development or progression. Importantly, these pathophysiologic mechanisms are potentially not mutually exclusive, and may be active at different points in time following noise exposure, and vary in importance in relation to chronicity of exposure.
ADVERSE CARDIOVASCULAR EFFECTS

OF NOISE IN HUMANS
Translational studies addressing associations between noise and vascular (endothelial) function are rare. In a recent field study, we found that simulated nocturnal aircraft noise was associated with endothelial dysfunction and decreased sleep quality (14) . Importantly, endothelial dysfunction was markedly improved by acute administration of the antioxidant vitamin C, indicating that increased production of reactive oxygen species and/or depletion of antioxidant defense significantly contributes to this phenomenon. The associations between noise and endothelial function were found substantially more pronounced if the subject had been previously exposed to noise (priming effect). This indicates that the vasculature is rather sensitized than desensitized to vascular damage in response to repeated noise Noise and Cardiovascular Disease exposures. Noise-induced vascular dysfunction was found paralleled by increased levels of adrenaline.
Furthermore, the negative association between noise and endothelial function was more pronounced in patients with established coronary artery disease ( Figure 1 ) (13) . Importantly, no correlation was observed between noise sensitivity or annoyance, suggesting that endothelial function deteriorates in response to nighttime noise, independently of whether there is an annoyance reaction or not (13) .
The study also found that simulated nighttime aircraft noise was associated with an increase in blood pressure. Thus, our observational studies may explain at least in part the results of the HYENA (Hypertension and Exposure to Noise Near Airports) study, which found a statistically significant association between nighttime aircraft noise and blood pressure (16) . Associations between road traffic noise and CVD were found stronger among people sleeping with open windows or with bedroom facing the road (17). Nighttime noise may interfere with blood pressure dipping and thereby increase cardiovascular risk (18) . Endothelial dysfunction was also observed in people working 24-h shifts (19) and in people exposed to chronic sleep restriction (20) , suggesting that nighttime noise-induced sleep deprivation and fragmentation may be an important branch on the mechanistic pathway between noise exposure and endothelial dysfunction and CVD (21, 22) .
Importantly, endothelial dysfunction has been demonstrated to have prognostic value in patients with peripheral artery disease, arterial hypertension, acute coronary syndrome, or chronic stable coronary artery disease (23) . Thus, noise-induced endothelial dysfunction may partly explain the association between transportation noise and CVD found in various epidemiological studies (24, 25) .
ADVERSE CARDIOVASCULAR EFFECTS OF NOISE IN ANIMALS
Noise in animal housing facilities is a major problem in animal studies, because it impacts hearing, behavior, and physiology in mice (26 pollution. This has resulted in further evidence of traffic noise as a risk factor for major cardiovascular outcomes, such as coronary heart disease (25, 36) , and indicated that traffic noise may also be associated with major CVD not investigated previously in a noise context (37, 38) .
NOISE AND CVD. Since publishing of the first study in the late 1980s, the association between traffic noise and coronary heart disease has been studied extensively. Recent meta-analyses consistently conclude that traffic noise is associated with increased risk of coronary heart disease (25, 36) . The most recent metaanalysis from 2015 included studies on road traffic and aircraft noise, and found a 6% significant increase in risk for every 10 dB(A) increase in traffic noise (dayevening-night equivalent noise level A-weighted), starting as low as 50 dB(A) (25) . Importantly, the metaanalysis applied strict quality criteria with regard to design, including only incident studies. The metaanalysis also found that the increase in risk remained relatively unchanged after excluding studies that did not account for smoking habits, indicating that lifestyle factors may not always be strong confounders in studies of traffic noise and CVD. Also, cohort studies with full adjustment for socioeconomic status, lifestyle, and air pollution generally find noise to be significantly associated with coronary heart disease (39, 40) . Although house prices are known to be negatively associated with traffic noise, studies have indicated that the association between traffic noise and socioeconomic status may not always be pronounced, because living in city centers of large metropolitan areas is popular, attracting residents with high socioeconomic status (41, 42) .
In 2011, a large cohort study found a 14% significant higher risk of incident stroke for every 10 dB(A) increase in road traffic noise (day-evening-night equivalent noise level A-weighted) (43) . As for coronary heart disease, this risk increase was independent of adjustment for air pollution. This result was later confirmed by 2 large studies from London on aircraft (44) and road traffic noise (45) . Both daytime and nighttime aircraft noise above 55 dB(A) significantly increased risk for stroke hospitalization with, respectively, 8% and 29% when compared with levels below 50 dB(A) in a population of 3.6 million people living around Heathrow airport (44) , which suggests that nighttime noise may be especially hazardous.
Similarly, based on 8.6 million residents of London, road traffic noise was found to significantly increase risk for stroke hospitalization (45) . In further support, recent large population-based studies showed that traffic noise from roads and aircrafts was associated with higher stroke mortality (38, 44, 45) . Two studies have addresses different subtypes of stroke, and both found traffic noise to be associated with ischemic stroke and not hemorrhagic stroke (38, 46) , which is as expected given the potential mechanisms.
Traffic noise may also result in heart failure and atrial fibrillation (37, 38, 47) . Two large population studies of 0.75 and 4.41 million persons, respectively, found both road traffic and aircraft noise to significantly increase risk for heart failure, ranging from 2% to 7% increase in risk per 10-dB(A) rise, depending on study and type of exposure (38, 47) . Furthermore, one study found that road traffic noise increased risk for incident atrial fibrillation with 6% for every 10 dB(A), although this was not independent of adjustment for air pollution (37) . This highlights an important aspect for road traffic noise, namely the correlation with air pollution. Several recent studies included adjustment for air pollution when investigating road traffic noise and CVD (38, 43, 45, 46, 48) . Although the relatively high collinearity between road traffic noise and air pollution complicates the interpretation, most studies find the association between road traffic noise and CVD to be relatively independent of air pollution, which is also the conclusion of 2 recent reviews (42, 49) . In further support of traffic noise as an Noise and Cardiovascular Disease independent risk factor for CVD, aircraft and railway noise, which correlates much less with air pollution than road traffic noise, have also been associated with increased risk for CVD (38, 44) .
NOISE AND CARDIOVASCULAR RISK FACTORS. The most comprehensively studied risk factor for CVD in a noise context is hypertension. In 2012, a metaanalysis of 24 studies showed that a 5-dB(A) rise in road traffic noise was associated with a significant odds ratio for prevalent hypertension of 1.034 (50) . (Figure 3) . These were all cross-sectional hypertension studies, and although 3 studies indicated changes with a quiet side, the last study found no effect.
Other important biologic risk factors for CVD have also been associated with exposure to traffic noise. In 2014, nighttime road traffic noise was found to significantly increase the thoracic aortic calcification burden, a recognized marker of atherosclerosis, by 3.9% for every 5-dB(A) increase, among 4,800 participants (48) . Also, road traffic noise was significantly associated with increased heart rate in a cohort of 88,000 persons (56) and the total number of noise events during the night, but not during daytime, has been associated with arterial stiffness (57) . In contrast, associations between traffic noise and blood lipids and high-sensitive C-reactive protein were found to disappear after adjustment for air pollution (58) .
Recently, several studies have almost consistently found associations between aircraft and road traffic noise and obesity, a major risk factor for CVD, in cross-sectional and longitudinal studies of high quality (59-62). Furthermore, 3 cohort studies found traffic noise to significantly increase diabetes risk (63) (64) (65) , and a recent study of 62,000 persons found road traffic noise associated with higher levels of fasting glucose (58) . As a consequence of stress and In conclusion, more and more large studies of high quality find that traffic noise is associated with coronary heart disease and stroke, as well as with major risk factors for CVD, most importantly hypertension and metabolic disease.
MITIGATION STRATEGIES. High exposure to transportation noise is frequent in modern societies, with more than 30% of the European population being exposed to residential day-evening-night equivalent noise level A-weighted levels above 55 dB(A) (69) ( Figure 3) . This leads to a considerable increase in incidence and mortality of major CVD (69), and where noise has been shown to be especially hazardous (13, 48, 51) . However, exposure during morning, daytime, and evening is also detrimental to health, and other strategies are needed (e.g., changing the descent procedure and limiting running of engines on the ground) (70).
Thus, because the percentage of the population exposed to detrimental levels of transportation noise is rising, new developments and legislation to reduce noise are important for public health. Changing driving styles 5-7 3
Quiet road surfaces 3-7 5
Low-noise tires 3-4 3
Land-use planning and design Unknown 4
Electric cars 1 1
Traffic management 3 3 *Evaluated by the European Commission in "10 ways to combat noise pollution" (70). Lowest score ¼ 1; highest score ¼ 5.
dB ¼ decibel. Mainz, Germany. E-mail: tmuenzel@uni-mainz.de.
